High rate deposition of thin film cadmium sulphide by pulsed direct current magnetron sputtering Cadmium Sulphide (CdS) is an important semiconductor material widely used in thin film photovoltaics as a window layer [1, 2] . Cadmium Sulphide is an n-type semiconductor with a band gap of 2.42 eV. Cadmium Sulphide exists in two crystalline phases, hexagonal wurzite and the cubic zinc-blend structure. Cadmium sulphide has a bulk refractive index (n) of 2.52 at wavelength 600 nm [3] which is well suited for its application in solar cells. The refractive index value is between the index of the absorber and the Transparent Conducting Oxide (TCO) contact, which allows light trapping by refractive index matching. Radio Frequency (RF) Sputtered CdS films with refractive index in the range of 2.25-2.51 have been reported [4, 5] . Sprayed films have been reported with a refractive index of 2.12 [3] and refractive indices in the range 2.19-2.32 have been reported for vacuum evaporated CdS [3, 6] .
Thin film CdS has been used as a n-type material to form a heterojunction in a number of photovoltaic systems including copper indium selenide (CIS) [7] , copper indium gallium (di)selenide (CIGS) [8] [9] [10] , copper zinc tin sulphide (CZTS) [11, 12] and cadmium telluride (CdTe) [1, [13] [14] [15] [16] . Although research is being conducted to evaluate alternatives to CdS in CIGS [7, 9, 10] , the highest efficiency devices utilise a CdS window layer [2, 8] . The CdS window layer is required to provide good transmission of light through to the absorber layer in a thin film photovoltaic (PV) stack. The material must uniformly cover the absorber to avoid shunts between the absorber and the front electrode. The deposition technique is required to allow fine control of thickness since films between 40 nm and 150 nm are usually required in solar cells. The precise thickness of the CdS layer determines the degree of light absorption. A compromise is needed between uniformity of coverage of the CdS, its thickness, and light transmission into the absorber layer.
CdS has been deposited using a number of methods including: metalorganic vapour phase epitaxy [17] , chemical bath deposition [7, 12] , close space sublimation [13, [18] [19] [20] , vacuum evaporation [6, 16, 21] , and Radio Frequency (RF) magnetron sputtering [1, [22] [23] [24] . RF sputtered films can be deposited at room temperature but they usually exhibit a small grain size. Magnetron sputtering deposits dense films with uniform surface coverage avoiding pinhole formation. It also offers good control of thin film thickness. RF sputtering has been used to date since CdS is a semi-insulating material and the use of DC power leads to charge build up, arcing and process instability. Unfortunately, magnetron sputtering using RF power results in low deposition rates (for example a rate of 0.3 nm/s has been reported at 250 W [24] ) and involves the use of complex matching circuits. Although suitable for research purposes, the technique is not well suited to industrial deployment. In this paper, we report on the use of pulsed DC magnetron sputtering. A previous study using pulsed DC magnetron sputtering of CdS has been reported but this work focused on the wavelength and lifetime of transient species [25] . We have developed a process using pulsed DC power that can be used to sputter thin films of CdS in process 
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Thin Solid Films j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t s f conditions which are highly stable. The major advantage is that the process produces high deposition rates suitable for use in solar module manufacturing. These rates are over an order of magnitude faster than those obtained by RF sputtering. In common with other applications we also find that the energetics of the pulsed DC process produce favourable thin film properties and the power supply configuration avoids the need for matching circuits [26, 27] .
Experimental details
CdS thin films were deposited by pulsed DC magnetron sputtering in a 'PV Solar' sputtering system (Power Vision Ltd., Crewe UK). The system is equipped with four six-inch diameter circular magnetrons mounted vertically, with an option to replace one of the magnetrons with a plasma source for reactive sputtering. The samples are mounted vertically on a rotatable carrier, designed for 5 cm × 5 cm substrates. The target to substrate distance is typically 10 cm. During the deposition process the carrier rotates at typically 120 rpm. This provides excellent uniformity in the horizontal direction. Uniformity in the vertical direction is achieved using disposable masks mounted in front of the magnetron target. The CdS thin films were sputtered using a pulsed DC power supply (Advanced Energy Inc. Pinnacle plus, 5 kW) using argon as the working gas [28] .
The CdS thin films were deposited on NSG-Pilkington Transparent Electrically Conducting (TEC15 and TEC10) Fluorine doped tin oxide (FTO) coated glass substrates. Prior to the CdS deposition, the substrates were cleaned in a two-step ultrasonic bath process consisting of a 5 min Fig. 1 . The XPS spectra measured for pulsed DC deposited CdS, was not affected by the deposition conditions, showing photoelectron core levels of (a) Cd3d5/2 and Cd3d3/2 and (b) S2p for CdS thin films deposited at 10 sccm Ar, 500 W and 150 kHz. For (a) the fitting is achieved with a single Gaussian peak due to CdS and for (b) the fitting shows the splitting of S2p3/2 and S2p1/2. The green line below shows the error fitting function. bath in a solution of Isopropanol and de-ionised water (1:10), followed by a second ultrasonic bath in de-ionised water for 5 min. Following the cleaning, the substrates were subjected to a plasma surface treatment in a mixture of 20 sccm of O 2 and 30 sccm of Ar using a plasma discharge power of 100 W and a pressure~40 Pa to activate the surface [29, 30] . The plasma treatment was carried out in a Glen100-P AE Advanced Energy system. The reactor is a parallel plate system with an AC plasma power source connected to substrate shelves which act as electrodes. The samples were then transferred to the deposition system. The chamber was evacuated to a pressure of 5 × 10 −3 Pa before admitting pure Ar gas at flows in a range between 5 sccm and 20 sccm. The depositions were performed using the following process conditions: 150 kHz (pulsing frequency), 2 s (ramping time), and 1.5 μs (pulse reverse time). The effects of increasing the Ar gas flow (5 sccm, 10 sccm, 15 sccm and 20 sccm), the deposition power (250 W-1500 W) and the deposition temperature (250, 300 and 400°C) on the film properties were investigated. At these deposition conditions, the plasma arcing was minimal during the film growth and the working pressure was measured to be 1 Pa. The chemical composition, microstructure and optical properties of the CdS thin films were investigated. The microstructure was studied with a high resolution field emission gun scanning electron microscope (FEGSEM), Leo 1530 VP FEG-SEM, which provides the ability to visualise surface features of the material with nanometer resolution.
An X-ray Photoelectron Spectroscopy (XPS) surface analysis tool was used to obtain the chemical composition of the layers. The analysis was performed using a Thermo Scientific K-Alpha XPS. An electron flood gun was used to reduce any charging that would cause peak shifts to occur. An argon ion surface etch at 1 keV for 30 s, was carried out prior to analysis to remove surface contamination. The X-ray source used was Al K α radiation hν = 1486.6 eV with a beam diameter of 200 microns. The High Resolution Multiplex Scan was used to evaluate the chemical state(s) of each element through its core electron binding energies. Precise determination of binding energies was made through the use of curve fitting routines applied to the peaks in the multiplex scan and sensitivity factors were taken into account to determine elemental composition. A dual beam FEI Nova 600 Nanolab was employed to prepare the transmission electron microscopy (TEM) samples. A standard in situ lift off method was used to prepare cross-sectional samples through the coating into the glass substrate. A platinum over-layer was deposited to define the surface of the samples and homogenize the final thinning of the samples. TEM images were obtained using a Jeol JEM 2000FX operating at 200 kV, with an integrated camera above the phosphor screen to obtain digital images. The TEM technique provided morphological analysis of the grain structure of the sputtered CdS films on FTO coated glass substrates. The X-ray diffraction analysis (XRD) was performed, using a Bruker D2 Phase bench-top XRD using Copper X-rays with a 1.542 nm wavelength, to investigate the crystalline structure of the material. Each sample was scanned using an angular range of 20-90°with a step size of 0.02°and a dwell time of 0.1 seconds. Electron Backscattered Diffraction (EBSD) was used for crystal analysis to measure the structure and orientation in the solid crystalline phase. Transmission Electron Back-Scatter Diffraction (t-EBSD) was used because it offers superior resolution suitable for the characterisation of the small grains of the sputtered CdS material. t-EBSD was carried out using a dual beam FEI Nova 600 equipped with an ultra-high speed Hikari, Electron backscattering diffraction (EBSD) camera, using a beam current of 6.7 nA and an acceleration voltage of 30 kV. Scanning White Light Interferometry (SWLI) (Sunstar CCI, Taylor Hobson Ltd.) was used to measure sample surface roughness and to detect the presence of pinholes. Pinholes are a known problem for thin films CdS in PV devices [28] . Pinholes are microscopic imperfections in the coating which appear as pits in the interferometer surface image. The spatial resolution of the interferometer is determined by the wavelength of light and the numerical aperture of the lens used, and is typically~0.3 μm. The vertical resolution is typically b 1 nm. The transmission, reflection and energy band gap (Eg) measurements were carried out using a spectrophotometer (Varian Cary® UV-Vis 5000). The instrument is equipped with an integrating sphere and set of gratings which allow the collection of transmission information from wavelengths in the range from 185 nm to 3.3 μm. The energy band gap E g , was calculated as a graphic extrapolation by using the Tauc plot [31] .
with α, is the absorption coefficient A-the proportionality constant, E g -the band gap energy, ν-the frequency, h-the Plank's constant, p-numerical coefficient (p = 0.5 for direct band gap material and p = 2 for indirect band gap material). The optical properties of the thin films were also measured using spectroscopic ellipsometry (SE) (Horiba, Jobin Yvon, UVISEL); which provided information about the thickness and refractive index (and uniformity) of the deposited films. The dispersion of the real and imaginary part of the refractive index was measured in a wavelength range between 248 nm and 2100 nm. To analyse SE data and derive the energy band gap and refractive index of films, we used a three-layer model consisting of TEC-substrate/interface/CdS-film/surface-roughness/air; for the TEC substrate, the SE experimental file recorded just before starting the deposition, was used without any assumption; the interface was a Bruggeman effective medium (BEMA) [28] mixture of the top layer of the TEC substrate (SnO 2 :F) and CdS; the CdS optical properties were parameterised using a double Tauc Lorentz dispersion formula [29] : where A i , is the Tauc coefficient, E, the photon energy, E i , the transition energy of the oscillator of highest order, C i , the broadening term of the peak, and E g , the optical band gap.ε r is written as the following sum:
The surface roughness was a BEMA mixture of 50% CdS and 50% voids. The fit parameters were the Tauc parameters and layer thicknesses. Fig. 1 shows the XPS spectra of Cd3d and S2p photoelectron core levels measured for CdS films deposited at ambient temperature using different Ar gas flows. The position of the Cd peaks was 405.8 eV and 412.3 eV for Cd3d 5/2 and Cd3d 3/2 respectively; the shape and the binding energy of 161.6 eV and 162.8 eV m e a s u re d fo r S2p 3/2 and S2p 1/2 matched the theoretical values for CdS [30] . This indicated that the deposited CdS films are stoichiometric and no oxygen was incorporated into the film. This is also supported by a fitting analysis which showed only the CdS component. The XPS analysis of CdS films deposited at different values of Ar gas flow, deposition power and temperature showed that the chemical composition of the sputtered film CdS was unaffected by the deposition parameters. The hexagonal phase was also supported by t-EBSD analysis carried out on various grains. Each Kikuchi line, in the Kikuchi diffraction pattern collected in transmission electron back-scattered diffraction from a CdS grain, is associated with Bragg diffraction from one side of a single set of lattice planes and they can be labelled with the same Miller indices that are used to identify diffraction spots. Fig. 2 (b-c) shows a large number of bands overlaid with the hexagonal phase map, which provide a clear indication that each grain is of the hexagonal phase.
Results and discussion

CdS composition, structure and morphology
Additional information on the crystalline structure of individual grains was obtained by the inverse pole figure (IPF) map shown in Fig. 3 . Inverse pole figure (IPF) orientation component uses a basic RGB colouring scheme, fit to an inverse pole figure. Euler angles are a set of three angles used to describe the crystallographic orientation of crystals relative to a reference co-ordinate system (usually defined by the primary SEM stage axes). Here, the value of each Euler angle is individually set to a colour scale (normally red, green, and blue), and the three are combined into a single RGB colour. Intermediate orientations are coloured by an RGB mixture of the primary components. The transmission electron back-scatter diffraction map in Fig. 3a shows that the sputtered grains have a high level of texture in the b111N direction, consistent with the XRD pattern (Fig. 2) . Furthermore, the high resolution transmission electron back-scattered diffraction phase/confidence index map in Fig. 3b shows that within the grains there is a high degree of indexing, while at grain boundaries the Kikuchi pattern quality is reduced and therefore they are shown as darker regions, highlighting the columnar structure of grains, also confirmed by the TEM cross section and SEM fracture cross section images of a 1.6 μm thick CdS film deposited on TEC10 glass shown in Fig. 3c and d , respectively. The TEM image in Fig. 3d shows that the grain size is typically~50 nm and the onset of grain coalescence is observed from the SEM surface images, shown in Figs. 4 and 5.
The SEM images in Fig. 4 show the surface morphology of the deposited CdS film, measured for films deposited at different gas flows and deposition powers. The surface morphology appeared to be mostly unaffected by the Ar gas flow and the deposition power. The substrate temperature was ambient, a few degrees above room temperature due to substrate interaction with the magnetron plasma. The thickness of each thin film was maintained at~270 nm for this set of experiments. Fig. 5 (a-c) shows SEM images of 100 nm thick CdS thin films deposited at different temperatures (250°C, 300°C and 400°C). Increasing the deposition temperature from 250°C to 400°C resulted in morphology changes of the deposited CdS films. The grains of the films deposited at 250°C appeared to have a round shape. The thin films deposited at higher temperature (300°C and 400°C) were more compact and showed more uniform distribution of the grain size. Fig. 6 shows a typical surface profile obtained using SWLI for samples deposited using an Ar flow of 5 sccm and 20 sccm. The analysis showed that films deposited at Ar flows below 20 sccm had a smooth uniform surface, but when the Ar flow was increased to 20 sccm voids appeared in the SWLI image of the film surface. The voids appear as deep pits in the surface; a 2D cross section across recorded voids shows that the detected pinholes were 174 nm deep. The thin film was 270 nm thick; therefore, these pits were voids in the deposited film but no pinholes were detected. Fig. 7 shows the derived optical properties of the CdS film deposited at 10 sccm of Ar flow and 500 W deposition time for 600 s. The peak at 2.7 eV is the E 0 inter-band transition [32] in good agreement with the absorption edge of hexagonal CdS [31] , while the E 1 inter-band transition at 4.9 eV is at the end of the experimental measurement range. The uniformity of the optical properties and thickness of deposited The transmittance of this film reaches a maximum of~80% and decreases to 0% near the absorption edge at 500 nm (Fig. 8) . From the Tauc plot, an energy band gap (E g ) of 2.31 eV has been determined. Fig. 9 shows refractive index, extinction coefficient, and transmittance measured for films deposited at different gas flows. The measurement showed that, while the extinction coefficient and band gap do not change significantly, the increase in the gas flow resulted in a lower refractive index. This is consistent with the SWLI results where for higher Ar flows, voids were present in the surface of the CdS films. Voids are known to reduce refractive index of material because the optical density is affected by the presence of these defects of the material. Consequently, the transmittance changed slightly in the range of 75%-80%. Fig. 10 shows that the deposition power affected the refractive index of films, as shown by the spectra for CdS films deposited at 5 sccm Ar flow at different deposition powers of 500, 1000, 1250 and 1500 W.
Optical properties of the deposited CdS films
The effect of deposition parameters on the deposition rate
The influence of deposition power and gas flow on the deposition rate was studied. The results are shown in Figs. 11 and 12 . The deposition rate increased linearly with the deposition power. The deposition rate was affected by the argon flow rate and working gas pressure with rate increasing from 4.26 nm/s at a flow rate of 5 sccm to 5.33 nm/s at 20 sccm, as shown in the inset. The deposition rate was observed to decrease once the argon gas flow rate was higher than 20 sccm possibly caused by scattering. The effect of changing the gas flow rate was investigated in the range between 5 and 20 sccm. The effect of substrate temperature on the deposition rate was also investigated. Fig. 13 shows the measured deposition rates for different substrate temperatures up to 400°C. The deposition rate decreased with increasing substrate temperature [33] .
Discussion
Thin film CdS is an important component of several thin film photovoltaic device systems including thin film CdTe, CIS, CIGS and CZTS. It is used as an n-type window layer to form the device heterojunction. Layers of thin film CdS are often deposited using a chemical bath method but this process is slow and is prone to the formation of pinholes. The use of RF sputtering has also been widely reported but this process also suffers from low deposition rates and involves the use of complex matching circuitry. In this paper we report on the use of pulsed DC magnetron sputtering to deposit thin film CdS. Importantly, the use of pulsed DC at 150 kHz frequency results in a highly stable process with no plasma arcing. It allows close control of film thickness using time only. There is no requirement for feedback using quartz crystal monitoring.
We present a comprehensive analysis of the micro-structural and optical properties of the CdS films as a function of argon gas flows, power, temperature, and deposition time. The CdS films deposited by pulsed DC sputtering were uniform, columnar and smooth and in all cases the films were stoichiometric and this was unaffected by gas flow, deposition power or temperature. All the films were in the preferred hexagonal structure even at room temperature. The films exhibited a high level of texture in the b111N direction. The grain size was typically~50 nm. Pinholes and voids could be avoided by reducing the working gas pressure using gas flows below 20 sccm.
The mapping of the refractive index showed that the deposited CdS thin films were very uniform to ± 0.8%. The band gap was measured to be 2.31 eV while refractive index (n) was measured to be 2.52 +/− 0.02. Increase in the gas flow leads to a reduction in the refractive index, while increasing the deposition power resulted in an increase of the refractive index. Pulsed DC magnetron sputtering allows close control of the thickness by changing the gas flows, deposition power and deposition temperature. With the increase of the substrate temperature up to 400°C, the morphology of the thin film changes, leading to a more compact layer.
The deposition rate achieved using pulsed DC magnetron sputtering is of particular note. Using 1500 W of deposition power at the magnetron target (corresponding to a power density of~8.5 W m − 2 ) at 150 kHz pulsing frequency and 10 sccm argon gas flows, the deposition rate was measured to be 1.33 nm/s. However, this rate is achieved on a 5 cm × 5 cm substrate located on a 180 mm diameter rotating carrier. In this configuration, the substrate is exposed to the deposition flux only for a fraction or each revolution. The equivalent deposition rate for a static substrate is 8.66 nm/s, which is high and much faster than can be achieved using a chemical bath deposition or RF magnetron sputtering. As an example, the typical thickness of the CdS window layer in a thin film CdTe device is~100 nm and this could be deposited in less than 12 s. We will investigate the properties of these thin layers in devices in future work. The high deposition rate makes the process highly attractive for industrial scale-up. Although target utilisation is poor with the planar magnetrons used in this study, this limitation could be overcome in a manufacturing environment by using rotating magnetrons. Fig. 12 . Deposition rate as a function of argon gas flow at 500 W deposition power. Fig. 13 . Deposition rate as a function of deposition Temperature. The first point on the xaxis represents the deposition processed without heating.
